Abstract: Anthropogenic land cover change (ALCC) is the most important transformation of the Earth system that occurred in the preindustrial Holocene, with implications for carbon, water and sediment cycles, biodiversity and the provision of ecosystem services and regional and global climate. For example, anthropogenic deforestation in preindustrial Eurasia may have led to feedbacks to the climate system: both biogeophysical, regionally amplifying winter cold and summer warm temperatures, and biogeochemical, stabilizing atmospheric CO 2 concentrations and thus influencing global climate. Quantification of these effects is difficult, however, because scenarios of anthropogenic land cover change over the Holocene vary widely, with increasing disagreement back in time. Because land cover change had such widespread ramifications for the Earth system, it is essential to assess current ALCC scenarios in light of observations and provide guidance on which models are most realistic. Here, we perform a systematic evaluation of two widely-used ALCC scenarios (KK10 and HYDE3.1) in northern and part of central Europe using an independent, pollen-based reconstruction of Holocene land cover (REVEALS). Considering that ALCC in Europe primarily resulted in deforestation, we compare modeled land use with the cover of non-forest vegetation inferred from the pollen data. Though neither land cover change scenario matches the pollen-based reconstructions precisely, KK10 correlates well with REVEALS at the country scale, while HYDE systematically underestimates land use with increasing magnitude with time in the past. Discrepancies between modeled and reconstructed land use are caused by a number of factors, including assumptions of per-capita land use and socio-cultural factors that cannot be predicted on the basis of the characteristics of the physical environment, including dietary preferences, long-distance trade, the location of urban areas and social organization.
Introduction
The domestication of plants and animals and the establishment of agro-pastoral societies in the Holocene led to the development of anthromes, i.e., landscapes distinguished not only by their climate, topography, hydrography and natural vegetation, but also by land use [1] . Anthropogenic land cover change is one of the most important transformations of the Earth system in the late Quaternary, with biogeochemical and biogeophysical changes to the land surface that are comparable to the glacial-interglacial cycles [2] . At present, more than half of the Earth's land surface is covered by anthromes that are dominated by human activities [3] . How, when and where this transformation of land from systems largely controlled by climate, topography and other non-human factors to those dominated by anthropogenic management occurred is important [4] . Critically, the current state of the terrestrial biosphere depends strongly on the evolution of land use systems over preceding centuries to millennia [5, 6] . Anthropogenic influences on the land further led to changes in geomorphology and sediment budgets [7, 8] , freshwater and marine ecosystems [9] and may have influenced regional and global climate [10] . The potential of the global land base to satisfy humanity's future demands for food, water, energy and other ecosystem services will not only be affected by ongoing climate change [11] , but also by the history of land use [12] and feedbacks between land cover and the climate system [13, 14] .
It is therefore instructive to study the relationship between past land use and the current state of the biosphere, the role that land cover change played in the evolution of the modern climate and the perturbation of global and regional biogeochemical cycles. Observations of past land use and land cover change are, however, limited in space and time. Global monitoring of land cover based on satellite remote sensing began in about the mid-1970s [15, 16] . Statistics on agricultural land use and more primitive types of remote sensing such as aerial photography extend regional estimates of anthropogenic land cover change a few decades further back in time, to the middle of the 20th century (e.g., [17, 18] ). National and regional-scale maps of past land use and land cover exist regionally from the late 18th century onwards (e.g., [19] ). However, the terrestrial biosphere, the carbon cycle and even the global climate are influenced even today by events including deforestation and soil erosion that took place much earlier [20] [21] [22] [23] . The importance of understanding land use history beyond recent centuries and the lack of direct, large-scale observations have led to the development of models of anthropogenic land cover change.
Because they are the only method currently available that can produce a spatially-and temporally-continuous view of past land cover change, anthropogenic land cover change (ALCC) models, and the scenarios produced by these models, are an important part of Earth system science at the present (e.g., [24, 25] ). ALCC scenarios have been used to estimate the impact of humans on the carbon cycle [26] , regional and global climate [20, 27, 28] , freshwater and marine ecosystems [29] , geomorphology and landscape dynamics [23, 30] and biodiversity [31, 32] , among others. Despite their utility, the evaluation of ALCC models and their scenarios has received relatively little attention [33] . ALCC models vary widely in their assumptions on the relationship between people and land use, and the resulting scenarios show enormously different timing and magnitude of past land cover change [21, 33] . Conclusions drawn in research using ALCC scenarios thus depend strongly on the model that was used, and the likelihood that any individual scenario represents what actually happened in the past has been assessed only for limited periods and spatial domains. This is notably the case for the late preindustrial era in China, where globally-unique historical documents record land use change and have been successfully employed to evaluate ALCC scenarios [34] [35] [36] .
Unlike scenarios of land use change for the future, in principle, it should be possible to determine the quality of an ALCC scenario for the past based on independent reconstructions. However, the issues described above present a problem: few independent observations have been available at appropriate spatial and temporal resolution with which to evaluate continental-and global-scale ALCC scenarios. Fortunately, recent developments in the quantitative reconstruction of land cover using paleoecological archives [37, 38] and efforts to apply these methods in a synthetic way at continental scales [39] [40] [41] provide new opportunities for evaluating ALCC models and their scenarios.
Quantitative reconstruction of land cover using paleoecological archives, chiefly lake sediments, has its origins in palynological analysis. While the theory for the quantitative reconstruction of land cover based on pollen records has existed for decades [42] [43] [44] [45] , large-scale reconstructions only became possible more recently with the development of computer programs [37, 38, 46] , and the intensive field studies were needed to parameterize these models regionally [39, 47, 48] . The REVEALSmethod of quantitative pollen-based land cover reconstruction [37] , has been applied in a number of regional studies in Europe [41, 46, 47, 49] and in sub-continental syntheses for northwestern and northern Central Europe [40, 50] . This large-scale synthesis provides, for the first time, an independent estimate of land cover at a spatial and temporal scale suitable for the evaluation of ALCC scenarios.
The goals of this study were to (1) establish the relationship between quantitative pollen-based land cover reconstructions and present-day land use using land cover maps informed by satellite remote sensing that represent the modern era; and (2) with the quality of the method established, use the REVEALS reconstructions at key periods during the Holocene to evaluate two of the most widely-used ALCC scenarios: KK10 [21, 22] and HYDE [51] . In the following sections, we briefly describe the REVEALS method, the KK10 and HYDE models and their scenarios, present the methodology we used to first evaluate REVEALS for the present day based on remotely-sensed land cover data and then evaluate the KK10 and HYDE reconstructions of land cover in northern and central Europe over four periods during the Holocene. A major aim of this comparison between data and models is to identify areas and periods of agreement and disagreement between the pollen-based REVEALS reconstructions and the ALCC scenarios and to provide an overall recommendation as to which ALCC model appears to be more realistic.
Materials and Methods
We synthesized pollen data from northwestern Europe into a land cover reconstruction and compared it to ALCC scenarios at five time windows over the middle and late Holocene. These time windows were selected to represent contrasting land use conditions at key periods during the Holocene for which it has been hypothesized that ALCC had an influence on climate [33] . The temporal range of the time windows was a function of the overall number of fossil pollen samples available in the source dataset that were included in the window [40] ; the REVEALS methodology requires a large number of samples to produce a robust reconstruction [37] . The most recent window was used for calibration of the REVEALS reconstruction and covers the period from the youngest sample in each sediment core, i.e., the core top, to 100 calibrated years before present (cal. yr. BP, i.e., years before AD 1950; hereafter BP). We evaluate the ALCC scenarios for four preindustrial time windows: 6200-5700 BP (4250-3750 BC), 3200-2700 BP (1250-750 BC), 700-350 BP (AD 1250-1600) and 350-100 BP (AD 1600-1850).
To further ensure that enough fossil pollen samples were present in each time window, the REVEALS reconstructions were performed on a 1 • geographic grid. We aggregated the ALCC scenarios to the same grid resolution as the REVEALS reconstructions and filtered these datasets to include only those grid cells where the pollen data were present. The driving variables, processes and output of the ALCC and REVEALS methods are summarized in Figure 1 . 
The REVEALS Pollen-Based Land Cover Reconstructions
To perform the REVEALS reconstruction, we aggregated pollen counts from all samples in a corresponding time window for each pollen record. Samples came from sediments collected in lakes of a range of sizes and from peatlands; see [40] for details on the selection of the pollen records. The number of pollen records available for the reconstruction varied depending on the 1 • grid and time window. The REVEALS program estimates the mean regional vegetation composition of each of 25 taxa with its standard error in each grid cell for each time window whenever data are available. Pollen productivity estimates (PPEs) and fall speeds of pollen (FSP) used in the REVEALS runs are found in [47] . The grid-based REVEALS taxon estimates are then classified and converted to the estimates for 10 plant functional types (PFTs), hereafter referred to as the "grid-based" REVEALS PFT estimate (GB REVEALS PFT). The full protocol of the LANDCLIMREVEALS runs is found in [40] .
While REVEALS provides the estimates in the coverage of each of 25 taxa on the landscape, the ALCC scenarios contain only a single quantity defined as "land use". In the northern and central European context for the mid to late Holocene, land use generally implies deforestation, or the conversion of forest and shrubland to arable land and pasture. We therefore aggregated the REVEALS land cover fractions into an estimate of land use that we expected to be comparable to the ALCC scenarios.
Because the potential natural vegetation of the vast majority of our study area is forest [52] , we define used land in the REVEALS reconstructions as the non-woody fraction of the landscape. This includes the GB REVEALS PFTs "agricultural land" (AL) and "grassland" (GL) [40, 47] , which were summed to produce an openness fraction. AL includes the REVEALS estimates of cover for all cereals, and GL includes the REVEALS estimates for eight taxa together: Artemisia, Cyperaceae, Filipendula, Poaceae, Plantago lanceolata, P. media, Littorella-type and Rumex acetosa-type [33, 40] . In Europe, heathlands may be considered either anthropogenic or natural [53, 54] . For this reason, we further performed a set of comparisons with REVEALS that include heather (Calluna vulgaris, hereafter "heathland" or HL) in the open fraction.
Other types of naturally open land, e.g., natural meadows and peatlands, are not explicitly considered in our study. Peatland may have been both created, e.g., in Scotland and Ireland [55] , and destroyed, e.g., in The Netherlands [56] , as a result of land use during the preindustrial era. These sorts of land use changes might be difficult to detect in the pollen record and are not considered in the ALCC scenarios.
The REVEALS reconstructions are provided with an uncertainty estimate for each grid cell and time window. Standard errors of the mean plant composition among sites in each grid (GB REVEALS taxon estimate) are estimated using a hybrid of the delta method and Monte Carlo simulations [37, 38] . In this calculation, the error estimates on the pollen productivity estimates are also taken into account. The standard errors of each GB REVEALS PFT, here AL, GL and HL, and of the GB REVEALS PFT AL + GL and AL + GL + HL are also calculated using the delta method [40, 47] . See Appendix A for a further discussion of the sources of uncertainty in the REVEALS method.
The KK10 and HYDE ALCC Scenarios
KK10 and HYDE are GIS-based models that translate information on human population, suitability for cultivation and pasture based on the properties of the physical environment and other physiographic factors, e.g., distance to coastlines or rivers, into scenarios of anthropogenic land cover change [22, 51] . Both models make the major assumption that the properties of the physical environment are stable over time, i.e., they do not explicitly account for the effects of Holocene climate or geomorphic change or variability influencing suitability for land use. On the other hand, both models are driven by spatially explicit, temporally-varying estimates of past human population. In both KK10 and HYDE, these are provided at approximately the country level, with some larger countries divided into subregions, e.g., oblasts in Russia [6] . For Europe, population estimates used in both KK10 and HYDE are based primarily on demographers' estimates for the last 3000 years [57] , with increasing uncertainty back in time. For periods earlier in the Holocene, HYDE uses back extrapolation while KK10 is driven by a model of potential population [21, 58] . Total land use at the regional level is estimated as a function of population and then distributed in space as a function of the physical environment.
The principle difference between KK10 and HYDE is the relationship between total population and land use. HYDE assigns a nearly constant value for per-capita land use for the entire period prior to AD 1961, the first year for which harmonized global statistics for land use are available [51] . KK10, in contrast, uses a logistic function relating land use to population density on usable land, which results in much larger amounts of per capita land use with lower densities [22] . In HYDE, per capita land use is between 0.5 and 1 ha per person for nearly all of the prehistoric and preindustrial era, while for KK10 per capita land use varies from 8 ha per person to less than 1 ha per person, depending on region and time (see Figure 2 in [21] ).
With this basic model structure, both KK10 and HYDE are capable of creating a number of ALCC scenarios that account for uncertainties in the underlying driver data and even the form of the relationship between population and land use. For the comparison with REVEALS, we assigned an uncertainty range to both KK10 and HYDE ALCC estimates at each of the periods' studies. For KK10, we aggregated the results of six individual runs from the model in order to estimate uncertainty in the scenarios. The individual runs were developed by running the model with a range of population estimates: "best guess", upper, and lower bounds and two different relationships between population and land use. In the standard relationship, the logistic curve is the same at all periods, while in the technology simulations, the shape of the curve changes over time, with increasing per capita land use at the same population density further back in time. Both scenarios are described in detail in [22] . In this study, we assign the ALCC estimate as the mean of the six KK10 scenarios, with error bars representing the range of values present across all scenarios. For HYDE, only a single scenario was available at the time we performed the analysis, so we used the published estimates of model uncertainty to provide an error range in the comparison with the REVEALS reconstructions. Uncertainty in HYDE is estimated at 5% in AD 2000, 50% at 1950 BP and 75% at 11,950 BP [51] . For each comparison period, we assign HYDE an uncertainty range by linearly interpolating the error estimate at these dates to the mean year of the comparison period.
KK10 covers the period 8 ka-AD 1850, and HYDE 3.1 extends from 10 ka-AD 2000. In the HYDE scenario, the amount and spatial distribution of land use in the second half of the 20th century are based on satellite remote sensing combined with FAO land use statistics. These independent observations of land cover make the present-day land use maps in HYDE a reasonable starting point for the evaluation of the quality of the REVEALS open land estimates.
Comparison between REVEALS and the ALCC Scenarios
To perform an evaluation of the quality of the REVEALS method, we compared the first REVEALS time window (0-100 BP) with the mean of the HYDE scenario over the same period. The original KK10 scenario extends to AD 1850, and for studies covering the most recent period, it has been merged with HYDE [5] , so KK10 was not used in the evaluation of the modern time window. For the four periods covering the rest of the late Holocene, we compared both the KK10 and HYDE datasets with the REVEALS reconstructions.
Comparison of the ALCC scenarios with the REVEALS reconstructions required a transformation of the spatial and temporal resolution of the ALCC model output. While the ALCC scenarios were available at 5 arc-minute resolution, the REVEALS reconstructions were prepared for 1 • grid cells where sufficient pollen data were available. For comparison between the ALCC scenarios and REVEALS, we aggregated KK10 and HYDE to the REVEALS grid by averaging the land use fraction in each block of 12 × 12 (144) 5-min grid cells. We performed the comparison only on grid cells that contain REVEALS reconstructions, i.e., all grid cells from the KK10 and HYDE that did not have a corresponding REVEALS estimate were masked out of the following analyses.
KK10 was produced at annual resolution and was therefore averaged over all of the years in each of the four time windows in this study to obtain estimates comparable with REVEALS. HYDE contains ALCC estimates at irregularly-spaced time windows over the Holocene: 1000-year intervals prior to 2 ka, 100-year intervals from 2 ka-AD 1700 and decadal intervals to the present. For comparison with the REVEALS time windows, we linearly interpolated land use fraction in the HYDE scenario between the years for which it was produced and averaged these over the years of the time window.
For comparison between REVEALS and KK10 and REVEALS and HYDE, we assumed that land use in the ALCC scenarios should be roughly equivalent to the open land (non-forest) fractions in REVEALS. We defined open land in REVEALS as the sum of the AL and GL fractions and performed a supplementary set of comparisons where we further added heather (HL) to the open land fraction. This assumption is of course not valid in areas that are naturally non-forest, e.g., in high mountains and at high latitudes. In order to make the ALCC scenarios comparable to REVEALS reconstructions, we added the naturally non-forested areas identified in [22, 59] to the land use fraction in the ALCC scenarios. This addition of naturally open land areas to the KK10 and HYDE resulted in increased open land mainly in the far north of the Nordic countries and in high mountain areas, but did not result in large changes for most of the naturally forested populated areas of northern and central Europe.
A preliminary analysis comparing openness fractions on a grid cell-by-grid cell basis showed very little correlation with either the KK10 or the HYDE dataset ( Figure S1 ). We therefore elected to compare openness fractions on the spatial unit of roughly country-sized population regions. These population regions represent the smallest spatial unit covered by a time series of population data [22] that were used to drive the ALCC models. For each time window and for grid cells where REVEALS data were available, the area of open land within each population region was summed and divided by the total area of the region. In this manner, we evaluate the quantity of modeled land use within approximate geographic regions, but not necessarily its distribution on a grid-cell by grid-cell basis.
To quantify the relationship between REVEALS and the ALCC scenarios, we fitted linear regressions [60] between the REVEALS mean open land fractions per population region and the open land fraction for each modeled ALCC scenario. An identical series of regressions was performed for REVEALS open land fractions that included heather (Figures S2-S5 ).
Results
In Figure 2 , we present the relationship between REVEALS and HYDE for the modern era (0-100 BP). For this period, land use in Europe in the HYDE scenario is largely based on remotely-sensed land cover and therefore reflects the "real" distribution of open land at a time close to the present. While the spatial distribution of non-forested land does not match precisely between the HYDE and the REVEALS reconstructions (Figure 2 (Figure 4) . When the REVEALS reconstructions of non-forest land are subtracted from the ALCC scenarios (difference map), the HYDE and KK10 openness fraction matches the REVEALS estimates well (±10%) in many grid cells.
During the second time window (3200-2700 BP; 1250-750 BC), there is an increase in the open fraction of the landscape in the REVEALS reconstruction in northwestern Europe. Grid cells with 80% openness or more can be found in Norway, Scotland, southern England and the Normandy region of France. The ALCC scenarios do not show deforestation in these exact areas. KK10 shows only slightly more landscape openness than in the previous period and with the same spatial distribution, mainly in southern Sweden and western Britain and Ireland (Figure 3 ). The HYDE reconstruction shows a nearly identical landscape to the previous time period (Figure 4) . Both ALCC models severely underestimate the openness fraction in Britain and in northern Poland compared to the REVEALS reconstruction. The final preindustrial time window at 350-100 BP (AD 1600-1850), shows further clearance (90% or more) in REVEALS in the same grid cells that were partially deforested in the previous period, chiefly in Britain, the Alps and in some areas of Poland and the Czech Republic. In central Europe, KK10 agrees with REVEALS with roughly 60-70% deforested fraction. In contrast, KK10 does not capture the magnitude of landscape openness reconstructed by REVEALS in Britain. The difference map between REVEALS and KK10 looks similar to the difference map from the previous time window. HYDE shows patchy areas of open land, but the magnitude of landscape openness is substantially lower than the REVEALS reconstruction and not always in the same places, e.g., in northern Germany.
Overall, the ALCC scenarios do not compare well with the REVEALS reconstructions at grid cell-by-grid cell level (Figures 3 and 4 Figure S3 ) some areas, Britain and Denmark in particular, appear much more open at all periods analyzed.
Comparison at Population Region Scale
In Figure 5 , we present aggregate correlations between open land area in country-sized population regions for the REVEALS reconstruction relative to the ALCC scenarios. Each data point on these plots represents open land fractions for a single population region and time window. Data points above and below the 1:1 line indicate that the ALCC models simulate larger and smaller open areas than the REVEALS estimates, respectively. Figure 5a displays the correlation between REVEALS and KK10 openness fractions. A linear regression of the data results in a slope of 0.968 with a y-intercept close to zero, indicating that a strong correlation on a population region-scale exists between KK10 and REVEALS. In the earlier periods (6200-5700 BP and 3200-2700 BP), REVEALS shows slightly higher estimates of open land than KK10 (cluster of orange and green points at the lower left corner of the plot). In contrast, the later two time windows fall above or around the 1:1 line. The r 2 value of 0.735 indicates that there is some scatter, but overall, the correlation is fairly good. When HL is included as part of the REVEALS openness fraction, the correlation with KK10 is not as strong, with a slope of 0.666 and a lower r 2 of 0.592 ( Figure S4, left panel) . Figure S4, right panel) . In this case, the slope falls to 0.544, well below the 1:1 line.
European Totals: An Overview of the Preindustrial Intercomparison
The increase in percentage of open land through time within our study area, i.e., the grid cells covered by REVEALS reconstructions, simulated by the KK10 and HYDE models and reconstructed with REVEALS is presented in Figure 6 . This overview further demonstrates that, on a European scale, the HYDE open land estimates are roughly 25% smaller than REVEALS during preindustrial time. However, the wide error range of HYDE encompasses the REVEALS estimates in all but one period (700-350 BP). The KK10 land use estimates are lower than those of REVEALS during the first two time periods, but are within the error range. During the two last time windows, the KK10 scenario overestimates open land relative to REVEALS. Including heather (HL) in the REVEALS estimates increases openness in Europe, especially during the first three REVEALS time periods ( Figure S5 ). 
Discussion
Comparison of REVEALS with land use observations largely informed by satellite remote sensing for the "present-day" time window (0-100 BP) shows that the REVEALS estimates of open land fractions are realistic in magnitude and spatial distribution. The REVEALS estimate of open land for this period is largely controlled by the core-top or youngest sample in the record, which in practice integrates over a 10-50-year period depending on the sedimentation rate, dating up to and including the year when the site was collected (ca. AD 1970-2010). The HYDE land use data used as a comparison is largely a function of present-day land cover observed with satellite remote sensing, combined with national land-use statistics on crop and pasture. During this period, major cities and agricultural areas were in roughly the same location as at present. As the uncertainty in HYDE for this period is low (ca. 11%), the fact that REVEALS and HYDE have good correspondence (Figure 2) is evidence that the REVEALS algorithm works reasonably well for translating pollen percentages into land cover, as has been demonstrated earlier for several sub-regions of Europe [46, 61, 62] . Comparisons of HYDE with REVEALS reconstructions that include the heather (HL) fractions do not match as well (slope of 0.828; Figure S2 ), and we omitted HL from our primary analysis. Though heathlands can develop due to anthropogenic influences such as grazing and fire, many are natural and do not result from human activities [53, 54, 63] . This evaluation of the REVEALS method provides confidence that the REVEALS reconstructions are suitable for the evaluation of KK10 and HYDE scenarios for preindustrial time.
For the preindustrial Holocene periods we examined, a distinguishing feature of the REVEALS reconstructions for northern and central Europe is that landscape openness was high in some relatively confined areas in Europe. Open areas expanded gradually with time, but landscape openness in Europe remained heterogeneous, expanding out from previously-cleared settlements, while closed forests persisted in certain areas. In contrast, forest opening in the KK10 dataset is quite diffuse, especially in areas with relatively homogenous suitability for agriculture, such as the lowlands of France and Germany. In HYDE, landscape openness is patchier, but tends not to be in the same areas as those reconstructed by REVEALS.
In fact, it is very difficult to see any correspondence between the ALCC scenarios and the spatial pattern of landscape openness reconstructed by REVEALS at the level of individual 1 • grid cells (Figures 2-4) , an observation that is further highlighted when directly comparing corresponding grid cells ( Figure S1 ). One of the main areas of mismatch is in Britain, where both KK10 and HYDE models consistently underestimate land use when compared to REVEALS, which shows substantial fractions of open land in northern and western Britain (Figures 3 and 4, difference maps) . The open land fractions in REVEALS are even greater when including heather ( Figure S2 ). Land suitability for cultivation is low in these regions due to the cooler climate and poor soils, resulting in land use and thus landscape openness concentrated in southeastern England in both KK10 and HYDE [22] . Neither HYDE nor KK10 explicitly quantify land that has been deforested as a result of deforestation for construction or fuel wood, nor do they attempt to model certain types of extensive land use such as the creation and management of anthropogenic moorland pasture, a preindustrial anthrome that was particularly common in Britain [64, 65] and parts of Denmark [66] . This mismatch in Britain highlights the need for models to cover a broader range of human influence on vegetation, rather than just deforestation for agriculture. This may also be one of the reasons for the underestimation of landscape openness in western Norway (see Figures 3 and 4 , red areas on difference maps); however, disagreement could also be due to an underestimation of the area of naturally non-forested areas [59] or an issue with representing this ecological setting from pollen data in the REVEALS reconstruction.
The Alpine region is also an area of important disagreement between REVEALS and the ALCC scenarios, particularly during the 700-350 BP and 350-100 BP time windows. REVEALS estimates that these mountainous areas were 70-90% open land during these last two preindustrial periods. Land is deemed as being too cold for agriculture using the KK10 methodology, even though transhumant pastoralism has been common in these areas since at least the Bronze Age [67] . HYDE did not distribute land use in the Alpine region likely for the same reasons as in KK10 and also because HYDE concentrates land use in areas with low slope. However, severe deforestation is documented to have occurred in the Alps in the late preindustrial era (e.g., [68, 69] ). Crises such as floods and erosion occurring just prior to industrialization in France and Switzerland prompted legislation protecting montane forests and encouraging reforestation in the late 19th century [68, 70] . The REVEALS reconstruction shows an increase in the forested area of the Alpine region between the 350-100 BP and 100-0 BP time windows (Figures 2 and 3) . However, making historical inferences from the REVEALS reconstruction can be problematic due to both the low sampling resolution in many of the source pollen records, particularly near the core top, and the large time windows used here. For instance, REVEALS shows that Ireland was roughly 40% (on average) forested during the 350-100 BP time window, while historical sources state that Ireland has been covered by less than 5% forest since the beginning of the 17th century [71] .
The fact that the correlation between REVEALS and KK10 and HYDE is poor when making comparisons on a grid cell-by-grid cell basis may lead us to conclude that the ALCC models are incapable of reconstructing the spatial pattern of past land use. However, the models do better when compared to the pollen-based reconstructions on broad geographical regions, such as the population regions used in this study. Indeed, the KK10 data come close to a 1:1 correlation with REVEALS when comparing the amount of open land in each population region (Figure 5a ). This lends support to the validity of the relationship between population density and forest cover that is behind the KK10 model [22] , at least for northern and central Europe. On the scale of Europe as a whole, KK10 tends to slightly underestimate landscape openness during the earliest two time windows while it overestimates landscape openness during the latter two periods (Figure 6 ). Though the REVEALS reconstructions display a sigmoidal increase in open land with time, it appears to increase more gradually as compared to KK10 (Figure 6 ). The sigmoidal relationship that KK10 uses to translate population density to land use was developed based on historical data for France, Ireland, Denmark and Sweden, all areas partially covered by the REVEALS data, but is likely to be not representative of all of Europe. Another reason for the more gradual increase in open land could be due to the broad time windows used in the REVEALS reconstructions. HYDE, on the other hand, shows an even more gradual, near linear relationship between open land and time and tends to underestimate preindustrial land use with increasing magnitude towards the present ( Figure 6 ).
The linear regression between REVEALS and HYDE shown in Figure 5b has a slope of less than one, indicating that HYDE consistently underestimates land use as compared to REVEALS. Total open land in the entire study area is also low for each preindustrial time slice (Figure 6 ). A major reason for the lack of landscape openness during the preindustrial period in the HYDE database is the use of late 20th century (AD 1961) values for per capita land use that are nearly constant throughout the entire dataset. Mechanized agriculture, high yielding crop varieties, fertilizers and pesticides all contributed to a significant decrease in per capita land use during the mid-20th century. Over the past 7 ka, technological and socio-cultural developments could have led to roughly a 10-fold decrease in per capita land use [21, 72, 73] . We suggest this as the main reason why the HYDE scenario for the preindustrial period is smaller than those in the REVEALS reconstruction.
While the magnitudes of used or open land estimates are more similar between KK10 and REVEALS, both ALCC models need improvement on the distribution of land use in the past. In fact, distributing land use based on a large-scale gridded climate and soil datasets offers only a rough estimate of places that would have been hospitable to preindustrial farmers and pastoralists. While agriculturalists usually favored fertile loess soils and areas where natural vegetation could be cleared and soils prepared using fire and with the tools of the era [74] , there are other factors that influence the selection of a settlement location, e.g., position along trade routes, distance from non-agricultural food resources, defense and other strategic reasons that are not easily predicted on the basis of the properties of the physical environment. The compilation of archaeological 14 C dates can be used to infer settlement patterns in the distant past (e.g., [75] [76] [77] [78] ), and it could be possible to interpret this information as a proxy for land use. Incorporating geographical data on diet, social organization, settlement density and other socio-cultural characteristics would also aid in achieving a more accurate distribution of past land use since urbanization [79, 80] . Closer in time to the present day, land use and human settlements in the more recent past are easier to distribute in part because landscapes in Europe become "fully occupied", i.e., nearly all of the usable land in a region is under some sort of human influence, and because there is less uncertainty in the population estimates that drive the ALCC models.
Conclusions
In this study, we evaluated the quality of the REVEALS pollen-based reconstruction of landscape openness based on comparison to remote sensing-based maps of anthropogenic land use in the present day. Establishing that the REVEALS method does a reasonable job of representing present-day patterns of land cover, we use REVEALS reconstructions for the mid-and late-preindustrial Holocene to evaluate two differing ALCC scenarios: KK10 and HYDE. Neither ALCC scenario captures the fine-scale spatial pattern of land use as inferred from the REVEALS reconstruction, but at an aggregate country-scale population region, the KK10 land use dataset shows good correspondence with pollen-based reconstructions. The nonlinear forest-population density relationship used in the KK10 model adequately hindcasts the amount of land use in the past, at least for the parts of northern and central Europe we studied. In contrast, the HYDE database appears to consistently underestimate landscape openness during preindustrial time. While these ALCC scenarios, KK10 in particular, may be useful for studies on very coarse-scale feedbacks between land cover change and climate in the preindustrial Holocene, further developments to ALCC models must focus on improving the distribution of land use, particularly in the distant past. This should be done in part by making more use of archaeological information and also by taking into account the importance of non-agricultural activities for the spatial pattern of land use. As both land use models discussed here are global, further data-model comparisons will be possible as REVEALS compilations become available for larger parts of the world [81] . By performing pollen-based reconstructions of land use in diverse environmental and socio-cultural settings, we will be able to further improve the accuracy of modeled land use in the past and better understand how the human transformation of the Earth's surface over the Holocene may have affected the evolution of anthromes, climate and the long-term sustainability of human-environment interactions. 
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Appendix A. Uncertainties in the REVEALS Method
In addition to the estimates of the error in the REVEALS reconstructions calculated by the model and presented here, other uncertainties should be considered when evaluating the REVEALS output. The caveats of the REVEALS model and its application are discussed in detail in recent literature [40, 46, 61, 82] . Here, we summarize the REVEALS uncertainties that are particularly relevant for this study.
Model parameter-related uncertainties: REVEALS uses a spatially-and temporally-uniform pollen-productivity estimate (PPE) and fall speed (FSP) for each plant taxon included in the reconstruction. In addition to the error estimates generated when calculating PPEs and FSPs, it may not be appropriate to assume that these values do not vary with space and time. PPEs are generally calculated from modern pollen and related vegetation data. Such data exist for only a few areas within the study region. Significant regional spatial variability in PPEs has been observed for some taxa. The causes of this variability are not fully understood, but differences in methodology, climate and land use among study areas are probably the major causes [39, 47] . FSPs are generally calculated using measurements of pollen grains. Because pollen morphological types usually include many species (e.g., Artemisia) or even entire families (e.g., Cyperaceae, Gramineae) and measurements of pollen grains are made either on fresh material or fossil pollen grains, FSPs may differ between studies. However, the differences are seldom very significant. The REVEALS estimates used in this paper are based on a standard dataset of FSPs and PPEs [47] . The errors on the REVEALS estimates due to potential differences in the true FSPs and PPEs over space and time cannot be quantified.
Data-and data input-related uncertainties: The pollen records and related chronologies used to generate the REVEALS reconstructions have all been controlled and filtered for reliability. However, the quality of the chronology varies across sites, often depending on the number of dates available, but also on the characteristics of the studied profile such as deposition rates and type of material, e.g., lake sediments or peat. This chronological uncertainty, combined with a relatively low sampling resolution in many records, implies that the pollen samples used to inform the grid cell-level reconstructions may not be synchronous in time. Working with reconstructions over broad time windows helps ameliorate this uncertainty, but may itself complicate the situation during periods of rapidly-changing land cover, e.g., in the later time windows used in this study. Furthermore, the quality of the pollen records is not constant across all the pollen data used, e.g., the number of pollen grains counted in each sample varies, and pollen identification is subject to the experience and competence of the analyst. All of these factors influence the accuracy of the REVEALS estimates.
Uncertainties related to the pollen representation of vegetation openness: land uses such as woodland grazing, hay making and slash-and-burn cultivation may generate "half-open" landscapes with a relatively fine-grained spatial structure of mixed open and wooded patches. Such vegetation mosaics tend to be poorly represented by pollen records at the spatial scale of the REVEALS model due to the dispersal and deposition properties of pollen grains. Therefore, in areas where these land-use types were important, vegetation openness might be underestimated in the REVEALS reconstructions using pollen records from large sites and either overestimated or underestimated in reconstructions using pollen records from several small sites.
